Introduction
Porphyrin macrocycles can be found in almost every living organism. Coordinated to various metal atoms, porphyrins constitute the basic structural unit of many bio-molecules such as heme, cytochrome P450, and chlorophyll, which play key roles in supporting aerobic life. Porphyrins are arranged regularly in light-harvesting antenna complexes, acting as pigments to absorb the photon energy in sunlight and then transfer the excitation energy to the reaction center [1, 2] , where the energy is converted to chemical bonds. Excitation energy transfer (EET) in multiporphyrin systems is fundamental in understanding the natural light-harvesting process and may lead to applications in solar cell and molecular electronic [3] [4] [5] or spintronic devices [6, 7] .
Previously, the EET process of multiporphyrin systems were probed by time-resolved fluorescence anisotropy decay [8] . Combining fluorescence anisotropy decay rates with some kinetic model for the system allows the EET coupling strength to be estimated. Two-dimensional electronic spectroscopy (2DES) technique had been used to study the EET process in photosynthetic complexes [9, 10] . Compared to optical pulses, ultrashort (attosecond) X-ray pulses have bandwidths covering multiple electron volts, and can therefore coherently excite many electronic excited states through an impulsive Raman process. X-ray pulses can also take the advantage of the fact that core excitations are spectrally isolated, which allows to create a spatially localized valence excitation in the neighborhood of the atom in question. Combining attosecond duration with X-ray central frequency makes it possible to create an * Corresponding author. Email: smukamel@uci.edu electronic excitation wavepacket specifically localized in a molecule, which is not generally achievable by using visible, UV, or XUV pulses. The one-dimensional stimulated X-ray Raman (SXRS) signal [11] can directly detect the EET dynamics triggered by the pump pulse.
In this paper, we want to study various factors which affect EET in a series of Zn-Ni porphyrin dimers with different linkers, chemical bonding and conformations (see Figure 1 ). Understanding the EET between the two monomers in a dimer is the starting point for studying EET in multiporphyrin arrays, and a porphyrin dimer is still within the application range of modern quantum chemistry methods. We choose the Zn-Ni heterodimers since we can pump and probe on different monomers at different energy edges. We want to study the following dimer series (see Figure 1 ): (1) 1a, 1b, and 1c. In this series, we compare a directly-linked porphyrin dimer with dimers with one or two ethynyl linkers. We will show how different linkers affect EET and the distance (between two metal centers) effect can also be analyzed; (2) 1a and 2. Comparison of SXRS signals of these two dimers will reveal the effect of π -conjugation in EET (we note the Zn-Ni distances are almost the same in the two dimers); (3) 3a and 3b. Structural units like 3a and 3b are very common in linear and cyclic porphyrin arrays, respectively. Comparison of their SXRS signals will give us some guidance in new molecular electronic device design; and (4) finally, we compare the signals of porphyrin dimers with different torsion angles (see Figure 2 for details) of the two porphyrin monomers. This might help us to find the subtle relation between EET and the local geometries of porphyrin dimer units. Figure 2 . Zn-Ni porphyrin dimer in its equilibrium geometry. The torsion angle between carbon 22, 28, 38, 40 is 141.5 • . This torsion angle is allowed to change to 90, 120 and 180 • for comparsion in our simulation. The carbon atoms used to define the torsion angle are light blue; other carbon atoms are grey; the zinc atom is golden; the nickel atom is dark green; and the nitrogen atoms are dark blue. (The colour version of this figure is included in the online version of the journal.)
The paper is structured as follows. We start with a brief description of the theory about SXRS signal and quantum chemistry methods we used in the studies. Then the SXRS signals of different dimers are compared and analyzed as mentioned above. Finally, conclusions are drawn and possible future directions are discussed.
Theory and computational methods
Here, we present simulations of the integrated two-pulse stimulated X-ray Raman spectroscopy (I2P-SXRS) signals for the various dimers. In the experiment, the X-ray pump and probe pulses create valence excitation wavepackets through Raman processes. The signal is the integrated intensity of the transmitted probe pulse with the pump minus that without, recorded vs. the interpulse delay τ . The signals can be one-color, when the pump and probe are identical, or two-color, where the pump and probe are resonant with different core transitions. In our simulations, the signal is averaged to account for an isotropic distribution of molecular orientations. The probe polarization is set at the magic angle (θ = 54.7 • ) with respect to the pump polarization, which allows to treat the effective polarizability as a scalar rather than a tensor [12] . We assume transform-limited Gaussian pulses in our simulations with FWHM of 166 as (10.9 eV). The power spectra of pulses used in this paper are shown over top of the XANES spectra in Figure S1 , S3, S5, and S7 in the Supplemental Material. The I2P-SXRS signal can be written as
where
Downloaded by [The UC Irvine Libraries] at 08:33 27 March 2014 is the effective isotropic polarizability of the molecule, averaged over the spectral envelope of the jth ultrashort pulse, E j . g is the ground state; e is a core-excited state; g , g are valence-excited states; μ kl and ω kl (k, l = e, g , g ) are the transition dipoles and frequencies between the corresponding states, respectively. The summation in Equation (1) is over the set of valence-excited states g . This formula only contains the valence-excited coherence, and ignores any core-excited population created by the first Xray pulse. The core edges considered here, the K-and Ledges of zinc and nickel, have lifetimes of a few fs [13] after which Auger processes are expected to fill the core hole and ionize the molecule, taking it out of resonance with the probe pulse. For interpulse delays shorter than the core hole lifetime, excited-state absorption contributions not included in our simulations are to be expected. This signal can be recast as the imaginary part of the overlap
between the doorway wavepacket ψ D created by the pump pulse and window wavepacket ψ W created by the probe pulse. For detailed derivations, please see Ref. [14, 15] . The geometries of different Zn-Ni porphyrin dimers were optimized using the quantum chemistry package Gaussian09 [16] at the B3LYP [17, 18 ]/6-31G* level of theory. Core excitations were calculated with restricted excitation window time-dependent density functional theory (REW-TDDFT) [19] [20] [21] [22] [23] .All REW-TDDFT calculations and transition dipole calculations were performed with a locally modified version of NWChem code [24] at the CAM-B3LYP [25]/6-311G** level of theory, and with the Tamm-Dancoff approximation [26] .
Results and discussion
As shown previously [8] , I2P-SXRS can be used to probe energy transfer in porphyrin dimers. When a two-color setup is used where the pump and probe excite metal centers on different monomers, the signal will vanish in the absence of intermonomer coupling. However, it is the one-color signal that reveals whether the valence wavepacket created by a given pulse undergoes significant energy transfer. This can be understood by using the doorway-window picture. When a local doorway excited-state wavepacket is created in a porphyrin dimer by an X-ray pump pulse, it usually can have three possible fates: (1) The doorway wavepacket is stationary. In this case, the signal will show only highfrequency oscillations as the doorway changes phase with respect to the window; (2) EET does occur and the doorway wavepacket moves back and forth between the two monomers. In this case, we can observe low-frequency amplitude oscillations in both the one-and two-color SXRS signals, on top of the high-frequency oscillations described above; and (3) The doorway wavepacket becomes delocalized, spreading over the entire dimer, and does not concentrate again on a single monomer. In this case, the SXRS signal has many Fourier components and the overall pattern becomes very complicated.
In these model porphyrin heterodimer systems, we choose the zinc and nickel 1s and 2p edges for our SXRS signal simulation. There are 16 possible combinations for the pump/probe pulse pairs. We find if the pump/probe pulse order is switched, e.g. Zn2p/Ni1s to Ni1s/Zn2p, the SXRS signals look very similar. This is not surprising since if we look at the Equation (1), we see that the time-reversed signal, obtained by interchanging the identity of the pump and probe, differs from the ordinary signal by substituting α 1 and α 2 with α 1 and α 2 . This was discussed in detail in Sec. IIID of Ref. [23] . So, for two-color signals, we only show and study signals correspond to one of the two pump/probe combinations in this paper.
We want to emphasize that except for dimer 2, all Ni porphyrin rings are not planar, while all Zn porphyrin rings are almost planar. In dimer 2, the triple linkages to the planar Zn porphyrin ring force the Ni porphyrin ring to be planar as well. A planar macrocycle usually means strong electron conjugation. We will see the conjugation effect on EET in the following comparison series. 
Series 1
In Figure S1 in the Supplemental Material, we show the simulated XANES spectra for the dimer series 1a, 1b, and the unoccupied valence orbitals into which the core electron is promoted are largely unaffected by the changes between these dimers, being localized to one monomer or the other. Figure S2 (see Supplemental Material) shows the simulated absorption spectra in the UV and visible regions for the three dimers in this series. Unlike the XANES, there is a large difference between the spectra for the directly linked dimer (1a), and those with ethynyl linking groups (1b and 1c), indicating that the unoccupied valence orbitals participating in these excitations are delocalized over both monomers. The valence absorption for dimers 1b and 1c are similar, with the first two excitations lower in energy for dimer 1c, indicating that a longer linking group lowers the energy of the unoccupied valence orbitals.
The four one-color I2P-SXRS signals for each of the dimers in this series are shown in the first, fifth, third, and fifth columns of Figures 3 and 4 , respectively. In order to see more clearly, the magnitude of any low-frequency oscillations, we have suppressed the exponential lifetime decay present in previous calculations [8] . Low-frequency oscillations which may indicate energy transfer are seen in just a few of the one-color signals in this series. The Zn2p/Zn2p signal for dimer 1b in Figure 3 is the best example of this, and was examined in detail in Ref. [8] . This signal shows low-frequency oscillations with period of ∼25 fs which was shown to correlate with electron and hole density migration between monomers. This energy transfer in dimer 1b can also be confirmed by comparing the Zn2p/Zn2p signal with the Zn2p/Ni2p signal (see Figure 3 , where the pump and probe pulses are resonant with the zinc and nickel L-edges, respectively) shown. When the amplitude of the Zn2p/Zn2p signal is highest, the Zn2p/Ni2p signal amplitude is lowest, and vice versa. These two signals provide complementary windows on the time-evolution of the Zn2p doorway wavepacket. The Zn2p/Zn2p signals for dimers 1a and 1c, however, do not show any evidence of significant wavepacket motion; the amplitude oscillations shown in these signals are only a small percentage of the total signal.
Not all signals are as indicative as the Zn2p/Zn2p signal of 1b. For example, the Ni2p/Ni1s (Figure 4 ) and Ni1s/Ni1s signals (Figure 4 ) only show small amplitude oscillations, which suggests a hovering or diffusing doorway wavepacket. In other cases, the window wavepacket is so localized that it only probes a small region of the monomer. This explains why the Zn2p/Zn2p signal of 1a does not show too much amplitude oscillation but the Zn2p/Ni1s signal does. In Figure 5 , we show the electron and hole densities for the Zn2p, Zn1s, Ni2p, and Ni1s window wavepackets for dimer 1a (for details on the calculation of the electron and hole densities, see the supplementary information for Refs. [8] and [27] ). For 2p excitation, the hole is localized to the monomer containing the relevant metal center but the particle is spread across both monomers, so the overlap with the doorway wavepacket does not change too much as time goes by. While for the 1s excitations, both particle and hole are localized, with the particle being tightly focused near the metal atom, so we may see oscillating signals as the doorway wavepaket accumulates and decays within the window wavepacket domain.
The Zn1s/Zn1s signals ( Figure 3 ) do show some lowfrequency oscillations, and those for dimers 1a and 1c show diminish in amplitude by half over the course of 200 fs, perhaps suggestive of weak energy transfer coupling. For dimer 1a, the Zn1s/Ni2p signal in Figure 4 appears to grow in on this same timescale, suggestive of weak energy transfer coupling for this wavepacket. There is no apparent intermonomer motion of the Zn1s wavepacket for dimer 1b, however. The Since the transition dipoles of the Zn and Ni 1s core excitations are much smaller than those of the Zn and Ni 2p core excitations, the SXRS signals involving the Kedge pulses are also much smaller than the Zn2p/Zn2p, Ni2p/Ni2p, or Zn2p/Ni2p signals. So we focus on the Ledge one-and two-color signals to examine the EET efficiency in the system. From the Zn2p/Zn2p and Zn2p/Ni2p signals ( Figure 3 ) we can see 1b shows significant EET while 1a and 1c do not show much EET. This suggests an ethynyl linker may facilitate EET between the two porphyrin rings but two ehtynyl linkers might be too long for the excited-state wavepacket to travel through. The Ni2p/Ni2p signals (Figure 4 ) of the three species only show very weak EET. By analyzing the proper SXRS signals, one may find the good linker candidate with optimal length to gain high EET efficiency in a multiporphyrin system.
Series 2
Here we compare two porphyrin dimers with a similar intermonomer distance, but vastly different bonding motifs. Dimer 1a is the directly linked dimer where a C-C single bond connects the monomers, and steric hindrance keeps the monomers at a fixed angle with respect to each other. Dimer 2 features three bonds between monomers, extending the π -conjugation across monomers. The XANES spectra for these two dimers, shown in Figure S3 (Supplemental Material), are largely the same. Unsurprisingly, the UV/visible absorption spectra for these two dimers in Figure S4 (Supplemental Material) are radically different from each other due to the extended conjugation between monomers in dimer 2.
As shown in the previous section, energy transfer of the four doorway wavepackets considered here in dimer 1a is very limited in extent. The wavepacket motion that is present is limited to the Zn1s and Ni1s wavepackets, indicating that the 2p excitations are confined to the monomers on which they begin. For dimer 2, the opposite appears to be the case. The Zn1s/Zn1s and Ni1s/Ni1s signals for dimer 2, in Figures 6 and 7 , respectively, do not show any reduction in amplitude over the first 200 fs. The Zn2p/Zn2p and Ni2p/Ni2p signals for dimer 2, in Figures 6 and 7 , respectively, reduce in amplitude by to less than half their initial values within the first 5 fs, and show a complicated pattern not indicative of simple back-and-forth motion. Taken together, these data suggest that the π -cloud is completely delocalized in dimer 2, and that the initially localized electronic wavepacket quickly spreads to the whole molecule and does not re-localize on the timescale of our investigation. This delocalization behavior should be attributed to the strong π -conjugation effect in the planar dimer 2. Strong electron conjugation between the two monomers Downloaded by [The UC Irvine Libraries] at 08:33 27 March 2014 will facilitate EET, which supported by theoretical studies on porphyrin arrays consisting of structural dimer unit 2 [28] [29] [30] .
Series 3
Here, we compare two dimers with the same benzyl linking group but different bonding structures. Dimer 3a has the two porphyrin monomers para to each other, while dimer 3b has them in the meta position. The XANES spectra for these two dimers, shown in Figure S5 (Supplemental Material) are largely the same for the nickel L-edge and zinc Kedge. However, the nickel K-edge and zinc L-edge spectra show marked differences, specifically in the higher energy regions. The UV/visible absorption spectra for this series in Figure S6 (Supplemental Material) have peaks in roughly the same positions, but with a slightly different intensity pattern.
In Figure 8 , we can find the Zn2p/Zn2p signal of dimer 3b show a little more oscillations than that of dimer 3a, and the Zn2p/Ni2p signals show the same tendency. This suggests in EET process of a porphyrin dimer, a "face-to-face" configuration (dimer 3b) might be more efficient than an "edgeto-edge" configuration (dimer 3a). Cofacially-stacking porphyrin arrays are Nature's choice. One can find porphyrin monomers arranged in a slipped-cofacial way in the B800 ring of the light-harvesting complex 2 (LH2) of purple bacterium [1] . This stimulates researchers to synthesis cyclic porphyrin arrays to achieve high EET efficiency [31, 32] .
The Zn1s/Zn1s signal, shown in Figure 8 , is suggestive of some energy transfer between monomers. In dimer 3a, the signal shows low-frequency oscillations with a period of ∼90 fs. This same oscillation period can be seen in the Zn1s/Ni2p signal (Figure 9 ), which is further evidence of intermonomer motion of the Zn1s wavepacket. This is a regular signal pattern we have seen in the Zn2p/Zn2p and Zn2p/Ni2p signals of dimer 1b. In dimer 3b, the one-color Zn1s/Zn1s signal amplitude reaches ten percent of its initial value after 200 fs, however, the Zn1s/Ni2p signal of 3b grows suddenly at τ = 48 fs. An explanation of this is although the Zn1s doorway wavepacket leaves the monomer gradually, it enters the domain of localized Ni2p suddenly and then stays there, so that we see a particular pattern of the Zn1s/Ni2p signal of 3b. We cannot see this pattern in the signals of dimer 3a. This means we can use SXRS signal to distinguish different bonding structures.
Series 4
Here, we look at the porphyrin dimer 1b with an ethynyl linking group and the intermonomer angle (see Figure 2) set to different values. In Figure S7 we show the XANES spectra for this series. Note that for θ = 141.5 • (dimer 1b), a higher number of core-excited states were calculated leading to many high-energy peaks not present for the other dimers of this series. In the lowerenergy region, near to the core edges, the nickel K-and L-edge spectra are largely insensitive to changes of the intermonomer angle. The Zn1s spectra are roughly the same for θ = 90 • , θ = 120 • , and θ = 141.5 • , but different for θ = 180 • . The Zn2p spectra are, conversely, the same for intermonomer angles of 120 • , 141.5 • , and 120 • , but much different for 90 • . The UV/visible absorption spectra in Figure S8 (Supplemental Material) appears to depend heavily on the intermonomer angle, with a low-energy peak at 2.1 eV growing in as the angle is increased.
The I2P-SXRS signals for this series are shown in Figures  10 and 11 . From the one-color signals, we see that only certain doorway wavepackets have significant amplitude leave the local region they initially occupy. The Zn2p/Zn2p signals ( Figure 10 The Ni1s/Ni1s signal shows a clear and strong beating with a period of ∼30 fs, which is matched by the corresponding Ni1s/Zn1s(Zn1s/Ni1s) signal pattern ( Figure  11 ). When the Ni1s doorway leaves the spatial region of the Ni1s window, it clearly enters the Zn1s window. This pattern is very distinct from those of the Ni1s/Ni1s signal of dimers with other torsion angles. This tells us that SXRS is very sensitive to the local geometry of where EET taking place and may serve as a powerful tool to detect the local geometrical factors.
Conclusion
Integrated two-pulse stimulated X-ray Raman spectroscopy can probe intermonomer EET by creating localized electronic wavepackets and watching their time-evolution through localized spatial windows on the same or a different porphyrin monomer. When the one-color signal shows a strong low-frequency oscillation, this can be interpreted as motion of the wavepacket out of the region it is initially excited into. When this oscillation is matched by a similar oscillation in the two-color signal with the same pump, this corresponds to the wavepacket moving into and out of the spatial window centered around the probe atom. Although not all pump/probe configurations show signatures of EET, we can generally select a proper SXRS signal out of many pump/probe configurations to study EET. SXRS signals can guide us in molecular engineering of porphyrin arrays, which are important in building highly efficient artificial light-harvesting devices. The signal is also very sensitive to the chemical bonding and local geometrical environment of EET, and could offer us a specific window to see the refined structures along the EET pathway. This study is the first step in making connections between SXRS signals and chemical structures. No doubt there is still unexplored rich information hidden in all kinds of SXRS signals. This is left for future study.
